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Introduction

Permanent Mould Casting (PMC), also called gravity die casting, of aluminium alloys is currently used to produce many components for many industrial sectors, in particular the power train components of automobiles, including the engine block and related components such as cylinder heads, and many other parts requiring high mechanical properties. The process consists of pouring aluminium liquid into a metallic mould that has a cavity shape required for the component to be produced. PMC moulds are generally made of hot work tool steels (type 1.2344 (AISI H13) or 1.2343 (AISI H11). These types of tool steels are used for their dimensional stability and high mechanical strength at elevated temperatures along with good toughness and resistance to thermal shock and thermomechanical fatigue.

Prior to pouring the mould cavity with molten aluminium alloy, the mould cavity surface is coated with a ceramic or graphite-based coating. The coating layer (50-200 μm thick) has several functions in order to facilitate the removal of the castings after solidification, protecting the surface of the mould and preventing adhesion of the aluminium alloy to the surface of the mould along with control of the solidification pattern [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF]. The die also should be heated up to 100 °C-200 °C to avoid thermal shock and fracture along with preventing the premature solidification of the aluminium alloy before the filling is complete. Then the aluminium is poured into the die at around 700 °C [START_REF] Broucaret | Heat transfer and thermo-mechanical stresses in a gravity die casting: influence of process parameters[END_REF]. When the die is filled, the component starts to solidify by removing the heat from the liquid alloy, via the die-component-interface through the die section influenced by the cooling medium. The cooling system is generally composed of a network of channels embedded into the die body at optimised distances, generally 15 mm-30 mm from the die surface, to avoid catastrophic cracks from the cooling line surface to the mould surface. Generally, a liquid or air is circulated inside the cooling lines to transport the heat outside of the system. The cooling of the component continues until solidification is complete. Then the die is opened and the solidified components are removed and the next cycle is started.

One of the most important factors in this process is the heat transfer during the solidification of the molten alloys. This is because the resulting microstructure, on which the quality of the cast piece is based, and the cycle time depends on the dynamics of the heat transfer [START_REF] Decultieux | Caractérisation du comportement thermomécanique D'alliages de fonderie pendant la solidification Ph D thesis Paris[END_REF]. Higher heat transfer results in finer microstructure and higher ⁎ Corresponding author at: Ecole des Mines d'Albi-Carmaux, CROMeP, now Institute Clement Ader, 81013, Albi Cedex 09, France. E-mail address: anwar.hamasaiid@mines-albi.fr (A. Hamasaiid). mechanical properties such as yield and impact strength [START_REF] Dour | [END_REF]. Higher heat transfer results in shorter cycle times. Close control of the heat transfer at different areas of the cavity during the solidification processes is required in order to prevent shrinkage porosity and ensure proper control of the contraction dynamics during solidification.

Heat transfer in PMC is governed by different medium with geometric features of different complexity [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF][START_REF] Broucaret | Heat transfer and thermo-mechanical stresses in a gravity die casting: influence of process parameters[END_REF][START_REF] Decultieux | Caractérisation du comportement thermomécanique D'alliages de fonderie pendant la solidification Ph D thesis Paris[END_REF][START_REF] Dour | [END_REF][START_REF] Zhang | Determination of heat transfer coefficients at metal/chill interface in the casting solidification process[END_REF]. The governing factors and related interfaces are 1) through the solidified casting layer toward the cast/mould interface, 2) the coating compositions and thicknesses, 3) the mould material thermal conductivity along with the mould's design and configuration and 4) the cooling systems. The heat transfer is generally characterised by the interfacial heat transfer coefficient (IHTC)

One of the major difficulties in simulating the PMC process is the lack of understanding of the heat transfer mechanism ant their impacts on IHTC associated with each of the above mentioned medium that directly influences the results of the simulation processes and the interpretation of the outcomes of these simulations and how these outcomes relate to the properties of a casting of a given geometry including the development of shrinkage and air porosity defects, optimising the runner and gating systems, and optimising the dimensional tolerances and the solidification pattern and time.

Considering the impact of IHTC in PMC, understanding the mechanism of these important parameters has become an important issue for researchers and industry over the last four decades. The authors of the references [START_REF] Biloni | Predendritic solidification[END_REF][START_REF] Biloni | Origin of the equiaxed zone in small ingots[END_REF]. studied the heat extraction through the die wall assuming that the casting-die interface has no resistance to heat flow (IHTC= ∞) in order to simplify the analytical treatment of this problem. However, Prates et al. [START_REF] Prates | Variables affecting the nature of the chill zone[END_REF] reported that this hypothesis is not applicable in the case of the formation of a chill zone. They stated that a thermal resistance exists at the metal-die interface that limits the heat transfer during solidification. The thermal resistance is the inverse of the IHTC. Since this foundation work, many analytical and empirical methods have been developed to determine the IHTC such as using semi-analytical methods based on empirical correlations [9][START_REF] Garcia | Mathematical model for the unidirectional solidification of metals. ii-massive molds[END_REF][START_REF] Garcia | Mathematical model for the unidirectional solidification of metals. Pt. 1. Cooled molds[END_REF][START_REF] Clyne | Assessment of a new model for heat flow during unidirectional solidification of metals[END_REF][START_REF] Davies | Heat Transfer in Gravity Die Casting[END_REF]. But using numerical methods based on the Beck iteration inverse method [START_REF] Beck | Surface heat flux determination using an integral method[END_REF] using the experimental temperature data to determine the IHTC has gained popularity. Almost all the studies that have been reported on IHTC in PMC have used and optimised the analytical, numerical and experimental methods to improve the accuracy in the determined values of IHTC [START_REF] Ho | Transient methods for determination of metal-mold interfacial heat transfer[END_REF][START_REF] Schmidt | Heat transfer in permanent mould casting PhD thesis Stockholm[END_REF][START_REF] Griffiths | A model of the interfacial heat-transfer coefficient during unidirectional solidification of an aluminum alloy[END_REF][START_REF] Pehlke | Investigation of heat transfer at the Mold/Metal interface in permanent Mold casting of light alloys[END_REF][START_REF] Santos | Evaluation of heat transfer coefficient along the secondary cooling zones in the continous casting of steel billets[END_REF]. The authors of the present paper have further improved the accuracy of the determination of the IHTC in previous published work. In this study the optimised method which is reported [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF] is used to accurately determine the IHTC.

With regard to the impact of the process parameters, Most of the published work, deals with the interface conditions and the geometrical parameters on the mould side, such as surface condition ( [START_REF] Assar | Mould Surface Roughness and Interfacial Heat Transfer Using Heat Flow Model[END_REF][START_REF] Bouchard | Effects of substrate surface conditions on heat transfer and shell morphology in the solidification of a copper alloy[END_REF], gap formation between the casting and the mould surface [START_REF] Nishida | The air-gap formation process at the casting-mold interface and the heat transfer mechanism through the gape[END_REF] mould thickness [START_REF] Kumar | Heat flux transients at the Casting/Chill interface during solidification of aluminum base alloys[END_REF][START_REF] Gafur | Effect of chill thickness and superheat on Casting/Chill interfacial heat transfer during solidification of commercially pure aluminium[END_REF][START_REF] Parbhu | Casting/Mold thermal contact heat transfer during solidification of Al-Cu-Si alloy (Lm 21) plates in thick and thin molds[END_REF], casting composition [START_REF] Kumar | Heat flux transients at the Casting/Chill interface during solidification of aluminum base alloys[END_REF]. There is no literature available on the impact of casting thickness. Furthermore, Guo et al. [START_REF] Guo | Effect of process parameters, casting thickness, and alloys on the interfacial heat-transfer coefficient in the high-pressure die-casting process[END_REF] studied the influence on casting thickness on IHTC for High Pressure Die Casting Process (HPDC). They stated that while the process parameters, such as injection velocity and initial die temperature influence the peak value of IHTC, the casting thickness does not. In a previous study of the present authors the impact of the coating composition and thickness has been highlighted [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF]. The work that will be presented in this paper studies the effect of the casting thickness on the IHTC for PMC.

Experimental method

Casting procedure

In order to study the effect of the casting thickness on the heat transfer at the casting-die interface in PMC, a mould has been designed and manufactured from EN/DIN 1.2344 (AISI H13) steel and heat treated to a hardness level of 42-44 HRc. The chemical composition of the mould is shown in Table 1. The mould consists of two halves with original dimensions 210 × 210 × 50 mm for each half. The fixed half is a simple block of steel, whilst the mobile half has been machined to incorporate a 110 x 110 mm cavity with variable thicknesses. This variation of the thickness was produced by making steel blocks, with different thicknesses. The blocks were designed and manufactured to be easily inserted by sliding into the rear side of the mobile half of the die. This has allowed castings to be produced with three different widths (15 mm, 20 mm and 25 mm). These inserts were also cost effective and provided an effective mechanism for maintaining the same basic mould metal filling characteristics for different casting thicknesses.

The castings have been produced using a pilot machine, which has been built to run the die in a productive manner. The closing and opening movement of the mould was facilitated by a pneumatic pump.

Two main series of experimental trials were performed while casting the Al-7Si-0.3 Mg alloy (A56) with different thicknesses. The chemical compositions of the investigated alloys are shown in Table 2 The alloy was melted in an electrical resistance furnace to 750 °C and it was poured manually into the die cavity using a pre-heated ladle. During the first series of castings, a white coating (TiO 2 based with silicate binder) was applied to the die and during the second series, a graphite coating was used. The coating was sprayed with a pressure of 4 bar, by an established manual spray technique, onto the cavity surface, which was preheated to about 200-210 °C prior to the application of the coating. The thickness of the coating was measured and controlled by an Erichsen probe (MiniTest2100). This was done in order to keep the coating conditions comparable for each casting cycle and eliminate the effect of a thickness variation, as described in a previous publication by the current authors in [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF]. For each casting thickness, several castings were produced for the purpose of reproducibility. Fig. 1a shows a top view cross section schematic of the closed mould that had been instrumented with an advanced specially developed sensors developed and optimised by the authors of the present paper, [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF][START_REF] Dour | Development of a non-intrusive heat transfer coefficient gauge and its application to high pressure die casting: effect of the process parameters[END_REF][START_REF] Hamasaiid | Heat transfer at the casting/die interface in high pressure die casting-experimental results and contribution to modeling[END_REF] to measure the temperatures inside the die and the component surface. It is detailed in the following section Fig. 1b which shows the real mould opened after a casting cycle. 

Temperature measurements

For the temperature measurement an advanced sensor had been designed, machined, mounted and calibrated using the guidelines presented in references [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF][START_REF] Dour | Development of a non-intrusive heat transfer coefficient gauge and its application to high pressure die casting: effect of the process parameters[END_REF][START_REF] Hamasaiid | Heat transfer at the casting/die interface in high pressure die casting-experimental results and contribution to modeling[END_REF]. The sensor was fabricated from the same steel as the mould. Respecting the isothermal, heat flux direction, six thermocouples (type K) were installed at three different positions: 1 mm, 10 mm, and 20 mm below the active sensor surfaces. These thermocouples are paired for redundancy. The K-Type thermocouples have the diameters of 0.25 mm and they are inserted into the sensor as previously described in detail [START_REF] Dour | Development of a non-intrusive heat transfer coefficient gauge and its application to high pressure die casting: effect of the process parameters[END_REF][START_REF] Hamasaiid | Heat transfer at the casting/die interface in high pressure die casting-experimental results and contribution to modeling[END_REF] in order to ensure the fastest response time possible and taking representative temperature values. The fixed half of the die was modified to insert the sensor at the centre of the cavity as illustrated in Fig. 1, with the active surface of the sensor remaining flush with the surface of the die. In this way, the active surface of the sensor is part of the die cavity surface and the temperatures beneath the die surface are the same as what is measured by the sensor.

The alloy surface temperature is measured using two open thermocouples. Two holes with diameter of 2 mm were drilled 15 mm to the left and to the right of the gauge position, in the centre of the cavity. Two Chromel and Alumel wires, of 0.25 mm diameters, were inserted into two-hole ceramic rods, themselves located in the holes of the die. The wires were inserted 1 mm into the die cavity, as illustrated in Fig. 1a. The casting surface temperature was then provided by the hot junction produced by the aluminium.

The acquisition of temperature data was via a computer-controlled system developed with LabVIEW particularly for this purpose of these experimental trials.

Results and discussion

Raw temperature data

Fig. 2 shows the results of the temperature measurements for the three casting thicknesses. The curves marked with a circle, triangle and square correspond to the temperatures measured for the casting thicknesses of 15 mm, 20 mm and 25 mm respectively. As can be seen from the curves of the alloy surface temperature, the liquid aluminium temperature is at around 645-650 °C when it arrives at the location of the sensor in the cavity. That is to say, the molten alloy has lost about 125 °C in the ladle and sprue section of the mould before arriving at the temperature sensor location in the cavity. The alloy surface temperature then falls down rapidly to under liquidus temperature (613 °C) for all three casting sections almost at the same time. Then the curves present the first stage of the process with a moderate decrease until around 580 °C. The moderate decrease is observed to be faster and shorter for the thinner sections. After this stage, the temperature stays almost steady at about 580 °C for periods that clearly depend on the casting thickness. Considering the eventual error in the exact temperature measurements, the plateau at 580 °C corresponds to the solidification of the eutectic Al-Si. Below this point, the melt alloy surface temperature drops rapidly, signalling that solidification at the surface of the casting was complete. The interval between the liquidus and the eutectic (end of solidification) increases proportionally with casting thickness namely 35 s, 50 s and 65 s respectively for the 15 mm, 20 mm and 25 mm thickness sections. The temperatures at 1 mm beneath the surface of the mould rises to reach up to 376 °C, 384 °C and 401 °C respectively for the 15 mm, 20 mm and 25 mm casting thicknesses, from the initial value of about 280 °C. These temperatures are obtained when the melt alloy temperature reaches the eutectic temperature (576-580 °C). Afterwards, the temperatures at the depth of 1 mm (TC(1 mm)) drop slightly for periods that depend on the casting sections namely 4 s, 9 s and 14 s respectively for the 15 mm, 20 mm and 25 mm sections. After this period of temperature decrease, the TC (1 mm) rises up again to reach a second peak when the melt alloy surface temperature is close to the solidus temperature. When the alloy surface temperature falls below the solidus temperature, the curves of the TC (1 mm) fall also with intensity that depends on the casting section thickness. As a general rule, the thinner the casting section is, the faster the fall of the mould nearsurface temperature.

The rise of the temperature curves at 10 mm and 20 mm (TC (10 mm) and TC (20 mm)) was triggered with a slight delay of 2.5 s and 5 s respectively, as expected with the diffusion of the heat through the die. In all three investigated casting sections, the delay is the same. One can observe that when TC (1 mm)) starts to fall, the TC (10 mm) and TC (20 mm)) continue to rise for a while signalling the continuity of the heat diffusion mechanism (delay and damping effect). The effect of the solidification of the eutectic in the casting (secondary peak) is less marked in the variation of temperature at 10 mm and 20 mm as the readings at these distances are less sensitive to the short-lived heat transfer fluctuations at the casting-die interface.

Determining interfacial heat flux and heat transfer coefficient

The temperature data measured at 1 mm and at 20 mm have been analysed using an inverse method based on Beck's iterative method to evaluate the interfacial heat flux density (Wm -2 ) at the mould-casting interface [START_REF] Beck | Surface heat flux determination using an integral method[END_REF][START_REF] Ho | Transient methods for determination of metal-mold interfacial heat transfer[END_REF][START_REF] Schmidt | Heat transfer in permanent mould casting PhD thesis Stockholm[END_REF][START_REF] Griffiths | A model of the interfacial heat-transfer coefficient during unidirectional solidification of an aluminum alloy[END_REF][START_REF] Pehlke | Investigation of heat transfer at the Mold/Metal interface in permanent Mold casting of light alloys[END_REF][START_REF] Santos | Evaluation of heat transfer coefficient along the secondary cooling zones in the continous casting of steel billets[END_REF][START_REF] Assar | Mould Surface Roughness and Interfacial Heat Transfer Using Heat Flow Model[END_REF][START_REF] Bouchard | Effects of substrate surface conditions on heat transfer and shell morphology in the solidification of a copper alloy[END_REF][START_REF] Nishida | The air-gap formation process at the casting-mold interface and the heat transfer mechanism through the gape[END_REF][START_REF] Kumar | Heat flux transients at the Casting/Chill interface during solidification of aluminum base alloys[END_REF][START_REF] Gafur | Effect of chill thickness and superheat on Casting/Chill interfacial heat transfer during solidification of commercially pure aluminium[END_REF][START_REF] Parbhu | Casting/Mold thermal contact heat transfer during solidification of Al-Cu-Si alloy (Lm 21) plates in thick and thin molds[END_REF][START_REF] Guo | Effect of process parameters, casting thickness, and alloys on the interfacial heat-transfer coefficient in the high-pressure die-casting process[END_REF][START_REF] Dour | Development of a non-intrusive heat transfer coefficient gauge and its application to high pressure die casting: effect of the process parameters[END_REF][START_REF] Hamasaiid | Heat transfer at the casting/die interface in high pressure die casting-experimental results and contribution to modeling[END_REF][START_REF] Dargusch | An inverse model to determine the heat transfer coefficient and its evolution with time during solidification of light alloys[END_REF]. From the evaluated interfacial heat flux density, the temperature of the mould surface is determined by a direct method using the heat flux density as an input and the temperature at each position 1 mm, 10 mm and 20 mm is evaluated as a function of time and compared to the recorded temperatures. The predicted temperature at 10 mm must agree within ± 10 °C over the whole cycle before the IM evaluation is considered acceptable. The detail of this IM method has been described in detail in previous work by the current authors [START_REF] Broucaret | Heat transfer and thermo-mechanical stresses in a gravity die casting: influence of process parameters[END_REF]9,[START_REF] Garcia | Mathematical model for the unidirectional solidification of metals. ii-massive molds[END_REF]. Fig. 3 shows the heat flux and IHTC at the casting-mould interface for different casting thicknesses for the white coated mould, while Fig. 4 shows the heat flux and IHTC for the graphite coated mould.

The curves of heat flux density and IHTC presented in Figs. and 4 show a rapid rise during the first 1 s to reach their peak values. The peak values of the interfacial heat flux density and IHTC are similar for the different casting thicknesses. They are also similar for the castings produced with two different coating compositions of comparable thicknesses. These results were found to be reproducible for each trial performed. The peak values of the determined IHTC are also comparable to the values reported in the literature for example in the following references [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF][START_REF] Broucaret | Heat transfer and thermo-mechanical stresses in a gravity die casting: influence of process parameters[END_REF][START_REF] Decultieux | Caractérisation du comportement thermomécanique D'alliages de fonderie pendant la solidification Ph D thesis Paris[END_REF][START_REF] Dour | [END_REF][START_REF] Zhang | Determination of heat transfer coefficients at metal/chill interface in the casting solidification process[END_REF][START_REF] Ho | Transient methods for determination of metal-mold interfacial heat transfer[END_REF][START_REF] Schmidt | Heat transfer in permanent mould casting PhD thesis Stockholm[END_REF][START_REF] Griffiths | A model of the interfacial heat-transfer coefficient during unidirectional solidification of an aluminum alloy[END_REF][START_REF] Pehlke | Investigation of heat transfer at the Mold/Metal interface in permanent Mold casting of light alloys[END_REF][START_REF] Santos | Evaluation of heat transfer coefficient along the secondary cooling zones in the continous casting of steel billets[END_REF].

Fig. 5(a) and (b) show the maximum values of heat flux density and IHTC for the different die coating types and conditions investigated. The small scatter between the peak values of IHTC and heat flux density can be related to the small difference in coating thickness between different trials. One can also observe that the peak values of IHTC for the trials performed with the graphite coating are slightly greater than that of those performed with the white coating for some cycles. That is probably due to the fact that when the coating thickness is around 100 μm, the effective conductivity of the graphite coating is slightly greater than that of the white coating [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF][START_REF] Chiesa | Quantifying permanent mold coating's functional properties[END_REF]. It is also probable that the liquid alloy wets the surface of the graphite coating better.

However, the evolution of heat flux and IHTC at the casting-mould interface are not similar. In general, four different stages in the variation of these parameters can be identified as follows:

1 The heat flux density decreases moderately, at the same slope for the three casting thicknesses, but for periods of time that seem to be dependent on the casting thickness. The thinner the casting, the shorter this period, as can be seen in Figs. towards the value of the second peak. The time at which this third stage occurs appears to be proportional to the casting thickness. The magnitude of the second peak seems to be larger for the castings produced with a graphite coating on the mould. This phenomenon has been discussed in detail in the previous paper of the authors of this article [START_REF] Hamasaiid | Effect of mould coating materials and thickness on heat transfer in permanent mold casting of alluminium alloys[END_REF] but there are no clear trends with casting thickness present. The duration of this stage doesn't seem to vary with casting thickness. It is around 20 s for both coatings. [START_REF] Dour | [END_REF] The IHTC and heat flux decrease towards zero. In this stage the values for the heat flux and IHTC curves seem to be independent of the casting thickness and coating composition.

Discussion

The first increase in heat flux density and IHTC does not have any important physical meaning. It is determined by the time during which the liquid alloy arrives near the region of the cavity where the IHTC gauge is located and by the response time of the thermocouples.

One of the most interesting findings in this work is the evolution of the first peak in each of the IHTC curves as a function of the casting thickness which is observed in Figs. 3 (b) and 4 (b). As can be seen the casting thickness has no influence on the peak value of both heat flux density and the IHTC. However, the duration during over which the IHTC is maintained is larger for the thicker castings. If one compares the curves in Fig. 3(b) (IHTC) and in Fig. 2 (temperature) for the same time periods, knowing that they were plotted from the same sets of tests, one can note that the periods of the first peak and associated plateau regions correspond to the period during which the temperature of the alloy is above the eutectic temperature (see Fig. 1). The periods of the first fall and the second rise correspond to the formation of the eutectic phase and the final drop in IHTC curves corresponds to the cooling of the fully solid skin (below the eutectic). This final drop is due to an air gap generated by the thermal contraction of the now solid casting.

Close examination of the results allowed the authors to understand that the peak value is uniquely due to the parameters that construct the interface conditions, mostly pressure, surface roughness, contacting surface microstructures and the harmonic thermal conductivity which is derived from both the thermal conductivity of the mould and casting material by the following equation:

λ s = 2λ m λ c / (λ m + λ c ) ( 1 
)
Where λ m and λ c are the thermal conductivities of the mould and casting respectively. The casting thickness is not a parameter of the interface. The slight increase of the peaks of IHTC as the function of casting thickness observed on the Figs. 3(b) and 4 (b) is eventually related to the increase of metallostatic pressure due the increase in casting volume for the larger thickness castings.

These reproducible correlations between the evolution of the alloy temperature and HTC underline the fact that the interface properties can be expected to change as phase changes occur in the alloy during solidification. Fig. 6 is a plot of the IHTC versus the measured surface temperature, which further depicts the relationship (note the curve for 20 mm casting seems to be shifted 6-7 °C compared to the alloy eutectic).

Based on Fig. 6 and the previous discussion, the evolution of the IHTC with temperature can be divided into three main stages in terms of casting-die contact conditions which corresponds to the major stages of solidification during casting of this alloy.

Liquid-solid contact

During the liquid-solid contact stage (above 620 °C) the IHTC remains fairly constant at its maximum value forming a plateau. The peak value of the IHTC in this stage is expected to depend on the coating thickness, coating surface conditions, alloy composition through its conductivity, surface tension and metallostatic pressure. Based on the experimental observations, the peak value of the IHTC is independent of the casting volume and largely independent of the type of coating. The small scatter seen in the data summarised in Fig. 5 between the peak values of IHTC and heat flux density in this stage is in fact related to the small difference in coating thickness and an eventual variation of metallostatic pressure between different trials and the effective coating conductivity (influenced by the coating application and resulting voids density). The peak values of IHTC for the trials performed with the graphite coating are slightly greater than the peak values obtained with the white coating for some cycles for the reason discussed in the preceding pages. 

Semisolid-solid contact

The plateau continues below the liquidus as depicted in Fig. 6. The temperatures at which the IHTC starts dropping is close to 590 °C for the 15 mm thick casting and closer to 580 °C for the thicker castings. When applying the Scheil-Gulliver model for a typical 7% Al-Si alloys, these two temperatures would correspond to a solid fraction of 45% and 55%. This is still much lower than the coherency condition of 80% solid fraction for the stress build-up. However, the dendrite network must have a sufficient gelatine-like cohesion to contract and loosen the interfacial contact. The dependency of the first drops in IHTC on the casting section means that the solidification does not happen layer by layer with a marked solid front from the beginning. It could mean that the contact deteriorates when a certain amount of solid fraction in the total volume of the casting is developed. Hence for the larger casting section the time needed for the solid fraction to reach such an amount seems to be larger for the same peak value of IHTC and heat flux density.

Fig. 7 shows the period of the initial plateau of IHTC and the period of temperature of the aluminium alloys above eutectic temperature as a function of casting thickness for the number of casting cycles. It is interesting to observe that the period of the initial plateau in the variation of IHTC corresponds exactly to the period during which the alloy is totally liquid. This period is in general smaller by 5 s for the obtained curve with the graphite coating than that obtained with the white coating for the reasons discussed above. Fig. 7 shows that this period increases linearly at a rate of 15 s when the casting thickness increases by 10 mm for both data series (graphite and TiO 2 ). As this initial peak/ plateau period corresponds to the time for which the alloy remains up to 55% liquid, it can be expected that its duration should also depend on alloy composition, pouring temperature and the properties of the die. If a linear fit of the data in Fig. 7 is performed it can be seen that the slopes of the two produced lines are lightly different. This period (t hmax ) for IHTC as a function of casting thickness (e c ) can be characterised by the Eq. ( 2) for white coating and Eq. (3) for the graphite coating for the reported experimental. t hmax =-10 + 1767e c

(2)

t hmax = -18 + 1866e c (3) 
It is expected that this period is influenced also by the intensity of cooling, coating thickness, alloy composition, applied pressure or metallostatic pressure. Further investigation is required in order to model the dependency of this period on the above-mentioned parameter for a giving alloy and mould material.

The rate of the decrease is also related to the casting section thickness as can be seen in Fig. 8. This can be related to the rate of change in solid fraction, which would be faster in thin castings than in thicker castings. As can be seen, the slope (m) of the curves increase when the casting thickness decrease. However, the increase is not linear. This drop depends directly on the kinetic of solidification which is derived by the alloy composition and all the parameters discussed above that determine the IHTC and the cooling rate.

After the drop and a minimum at the eutectic temperature as depicted in Fig. 6 by the denser number of points in the plot, the IHTC (and also the heat flux density) presents a second peak. The impact of this increase in heat transfer is also reflected in the mould surface temperature (see Fig. 2), which slightly increases with a delay. Close examination of the second peaks for all casting cycles performed shows that the magnitude of the second peak seems to be independent of the casting thickness. These second peaks occur erratically and even some large differences can be observed for a few cycles performed under the same casting conditions. In general castings produced with graphite coatings were associated with larger values for the second peak in both the IHTC and heat flux.

The causes of the second peak may be linked to either of the following:

-Expansion of the casting when the solid Si phase forms; this starts at the eutectic and continues afterwards. Such expansion of the casting was also noted in Wilhelmy tests performed independently [START_REF] Dour | Wilhelmy surface tension measurement applied to metallic alloys -static anddynamic measurements in molten and semi-solid states[END_REF]. -Exudation of liquid towards the surface; below the eutectic, the solid fraction near the casting-mould surface is sufficient for the casting to thermally shrink, but there could be enough liquid channels remaining open to permit the residual liquid in the centre to force its way through, under metallostatic pressure. The fresh contact of liquid with the mould surface decreases thermal resistance, leading to a second increased IHTC, and hence increased heat flux and local mould temperature. Such exudation has been reported previously. -Recalescence; when delayed by nucleation undercooling solidification takes place rapidly and the energy released by the exothermic process leads to an increase in temperature. The higher casting temperature then leads to an increased IHTC. This was noted in [START_REF] Broucaret | Heat transfer and thermo-mechanical stresses in a gravity die casting: influence of process parameters[END_REF] as a potential explanation of the second peak in heat flux density and mould temperature.

The absence of increasing temperature (see Figs. 1 and6) in the casting eliminates the scenario of recalescence. The variability and the random occurrence of the second peak tends to suggest that exudation could be the leading mechanism, given the complexity of the mechanism leading to it. This was also the argument noted in Reference [START_REF] Wei | Influence of Mold Coating on Heat Transport in Permanent Mold Casting Process (96-90)[END_REF] to explain random occurrences of secondary peaks.

The slow build up to the second peak implies that the exudation is itself slow, or else it occurs over time in numerous places on a very small scale.

Solid-solid contact

This condition of contact starts when solidification is complete or has reached the coherency temperature across the whole casting thickness. At this stage the surface temperature of the casting is below the eutectic.

Due to the cooling, the casting contracts and the contact conditions drastically deteriorate. At some stage, the casting and the die coating depart contact and an air gap forms. As a consequence, IHTC drops continuously and tends towards very low values. The IHTC is uniquely dominated by the air gap in this stage as it is also been reported elsewhere in references [START_REF] Zhang | Determination of heat transfer coefficients at metal/chill interface in the casting solidification process[END_REF][START_REF] Wei | Influence of Mold Coating on Heat Transport in Permanent Mold Casting Process (96-90)[END_REF]. Fig. 6 shows that the thicker castings have a lower IHTC at any given temperature. This is because the gap δ is proportional to the thickness of the casting (e) at a given temperature, as per Eq. ( 1). δ = e. α. ΔT

Where α is the thermal contraction coefficient ΔT is the variation of temperature from the initiation of the air gap However, the final drop in IHTC seems to be slower for thicker castings (see Fig. 3 and4). This is because the thicker castings show a slower variation of temperature with time in this stage as shown in Fig. 2.

In casting simulations, the heat transfer coefficient is usually taken as a unique function of the temperature, regardless of the casting thickness. The heat transfer is typically taken as a high dwell, followed by a drop to zero at a fixed temperature. As Fig. 6 shows this is not correct, and the drop-temperature has to be made thickness specific as in Fig. 7. Moreover, the drop is not infinite and Fig. 8 should be used to linearize it. This would potentially improve the accuracy of detecting the time for which the mould is closed along with improving the detection of the cooling profile and optimising by integrating the local cooling intensity. In addition, the semi-solid period is simplified in reported simulation work as a vertical drop, this work shows that the initial drop is faster for thinner castings. Even if the phenomena of recalescence discussed above complicates the interpretation of this period it is clear that the findings presented here show that the variation of the initial slope (Fig. 8) as a function of casting thickness for the period associated with the steep vertical drop could improve the accuracy of the simulation outcomes.

Conclusion

The advanced experimental instrument and procedure presented in this paper have enabled the study of the impact of the casting thickness on the interfacial heat transfer during permanent mould casting of the A356 aluminium alloy. The underlying mechanisms which may explain the variation of the heat flux density, interfacial heat transfer coefficient, temperature of the mould surface and melt alloy surface have been discussed for the difference stages of the casting process.

The main findings are listed below:

-The heat transfer coefficient at the casting-mould interface changes with time, as a result of the different state of matter and natural expansion/contraction of the casting during the solidification process. -The casting thickness does not influence peak values or intermediate values of the heat transfer coefficients -The casting thickness, however, influences the kinetics of the IHTCS variation. The thinner the casting, the shorter the period during which the peak value of IHTC maintained during the solidification time. The thinner the casting, the sharper the drop of the IHTC during the solidification. -Relationships have been established between casting thickness and the kinetics in the form of time for the first drop in the interfacial heat transfer coefficient. -The drop of the heat transfer coefficient during the solidification has been characterised -The data and the relationships can be used by die casting engineers to improve the casting simulations used to predict and optimise the permanent mould casting processes.

The results can be extrapolated to the low pressure and counter pressure die casting processes, since the interface casting-mould configuration is comparable to the permanent mould casting but with higher and controlled metallostatic pressure in the melt.

Fig. 1 .

 1 Fig. 1. a) Top view cross section of the die instrumented with heat transfer sensor and open thermocouples and the schematic of the experimental set up and b) illustration of a casting that was produced.

Fig. 2 .

 2 Fig. 2. Measured temperature data for three different casting thicknesses (White coating, pouring temperature 750 °C).

3 and 4 .

 4 At this stage, the IHTC curves (Figs.3(a) and 4 (b)) present and follow a plateau at their maximum value. The maximum values of IHTC for the three casting thickness are close to be comparable with a small tendency towards lower values for thinner castings. However, the period of that step seems to be proportional to the casting thickness. 2 In the second stage the heat flux density and IHTC decrease rapidly, the slope of the decrease seems to be faster for thinner castings. This second phase of heat flux coincides with the beginning of the eutectic plateau. 3 The curves of the heat flux density and IHTC rises moderately

Fig. 3 .

 3 Fig. 3. Heat flux density (a) and the IHTC at the casting-mould interface for different casting thicknesses. The coating in use was TiO 2 based coating.

Fig. 4 .

 4 Fig. 4. Heat flux density (a) and the IHTC at the casting-mould interface for different casting thicknesses. The coating in use was graphite-based coating.

Fig. 5 .

 5 Fig. 5. (a): Summary of peak values of heat flux density and IHTC at the casting-mould interface for different casting thicknesses and different coating types. (b): Peak values of alloy and die surface temperature and initial die temperature for three series of cycles performed with three different casting thicknesses (15 mm, 20 mm and 25 mm).

Fig. 6 .

 6 Fig. 6. Variation of the IHTC vs. casting surface temperature.

Fig. 7 .

 7 Fig. 7. Period of first plateau (liquid-solid) of the IHTC vs. casting thickness.

Fig. 8 .

 8 Fig. 8. Linearization of the first drop of IHTC for different thickness of casting.

Table 1

 1 Chemical composition of X38CrMoV-5 steel (EN/DIN 1.2344, AISI H13).

	Element %	C	Mn	Si	S	P	Cr	Mo	V	Fe
	X38CrMoV-5	0.396	0.36	0.94	< 0.003	0.009	5.05	1.25	0.47	balance

Table 2

 2 Chemical composition of Al-7Si-0.3 Mg alloy.

	Alloys	Cu	Zn	Si	Fe	Ti	Ni	Mn	Mg	Pb	Sn
	Al-7Si-0.3 Mg	0.1	0.1	6.5-7.5	0.2	0.08-0.25	0.1	0.1	0.35	0.05	0.15
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